Introduction
Molecular chaperones of the heat shock protein 70 (Hsp70) family perform various essential cellular functions including protein translocation across the membranes, prevention of aberrant protein aggregation and facilitation of protein folding. Hsp70 binds to and dissociates from a stretch of hydrophobic amino acid residues in polypeptides in an ATP-regulated cycle. This chaperone reaction of Hsp70 is regulated by cofactors or partner proteins (Bukau et al. 2006) . J domain-containing proteins (J proteins) are a class of functional partners for Hsp70s that possess a well-conserved J domain, which is named after the functional domain identified in the DnaJ protein of Escherichia coli (Cheetham and Caplan 1998) . J proteins interact with Hsp70 through the J domain and stimulate the ATPase activity of Hsp70.
J proteins can be classified into three groups on the basis of their primary structures (Cheetham and Caplan 1998) . Type I J proteins are true orthologs of bacterial DnaJ protein that have all the three functional domains: a J domain, a zinc-finger domain containing the CXXC sequences that is linked to the J domain by a glycine/ phenylalanine (G/F)-rich region, and a less conserved C-terminal domain. The zinc-finger domain and C-terminal domain are proposed to interact with non-native substrate proteins. Type II J proteins have a J domain linked by a G/F-rich region to a C-terminal domain, but lack a zincfinger domain. Despite the absence of the zinc-finger domain, type II J proteins probably perform functions similar to type I J proteins (Fan et al. 2004) . Type III J proteins have a J domain but lack the other functional domains found in type I and type II J proteins.
The endoplasmic reticulum (ER) is the site of protein synthesis of the secretory pathway in eukaryotic cells. Proteins destined for the secretory pathway are translocated into the ER either during or soon after their synthesis. Protein folding and maturation in the ER are essential for their subsequent transport through the secretory pathway (Trombetta and Parodi 2003) . The quality control system in the ER recognizes and removes misfolded or aggregating proteins to ensure that only correctly folded proteins are deployed to their final destinations. BiP, an Hsp70 in the ER, has been shown to play key roles in protein translocation, protein folding and quality control in the ER (Nishikawa et al. 2005 , Brodsky 2007 ). *Corresponding author: E-mail, shuh@biochem.chem.nagoya-u.ac.jp; Fax, þ81-52-78-2947. In the budding yeast, Saccharomyces cerevisiae, 22 putative J proteins function in various subcellular locations (Walsh et al. 2004) . Three J proteins (Sec63p, Scj1p and Jem1p) have been identified in the ER of yeast and found to function as partners for BiP. Scj1p is a luminal type I J protein with a signal sequence and a C-terminal ER retention signal. Two other J proteins are type III J proteins: Jem1p is an ER luminal protein with a signal sequence, and Sec63p is an integral ER membrane protein, rendering its J domain facing the ER lumen. Analyses of mutants of Sec63p, Scj1p and Jem1p revealed that the versatile functions of BiP rely on its cooperation with different J proteins in different processes as partners. Sec63p is essential for yeast cell growth and mediates protein translocation as a partner for BiP , Sadler et al. 1989 . Two luminal J proteins, Scj1p and Jem1p, are involved in protein folding and quality control in the ER Endo 1997, Silberstein et al. 1998) . For example, the jem1Dscj1D double mutant is temperature sensitive for growth and shows defects in protein folding and quality control in the ER but not in protein translocation across the ER membrane (Silberstein et al. 1998 , Nishikawa et al. 2001 ). Jem1p also functions in nuclear membrane fusion during mating as a partner for BiP Endo 1997, Brizzio et al. 1999) . Recently, a possible fourth J protein, Erj5p, has been reported to play a role in preservation of folding capacity of the yeast ER (Carla Fama´et al. 2006) .
Sequence analyses of the Arabidopsis thaliana genome revealed that $90 genes encode proteins containing a J domain (Miernyk 2001) . By comparing their primary structures, we found that five genes could encode Arabidopsis orthologs of J proteins in the yeast ER: two orthologs each of Sec63p and Scj1p and one ortholog of Jem1p. All these proteins were indeed found to reside in the ER of A. thaliana, and were therefore designated here as AtERdj2A, AtERdj2B, AtERdj3A, AtERdj3B and AtP58
IPK . AtERdj2A was found to be essential for Arabidopsis growth, suggesting its role in protein translocation across the ER membrane. AtERdj3A, AtERdj3B and AtP58
IPK were suggested to function in protein folding and quality control in the ER. We propose here that Arabidopsis has a set of J proteins in the ER that are conserved in their functions from yeast to plant.
Results

Identification of A. thaliana homologs of J proteins in the yeast ER
Analysis of the genome sequence revealed $90 possible J protein genes in A. thaliana (Miernyk 2001) , and 16 have at least one hydrophobic domain that can function as a signal sequence or a transmembrane domain. Five of these genes, At1g79940, At4g21180, At3g08970, At3g62600 and At5g03160, encode proteins that show similarity to Sec63p, Scj1p and Jem1p in the yeast ER (Fig. 1 ). At1g79940 and At4g21180 encode proteins with three hydrophobic segments in the N-terminal region and a J domain located between the second and third hydrophobic segments, which are characteristic of yeast Sec63p and its mammalian ortholog, ERdj2 (Tyedmers et al. 2000 , Bies et al. 2004 ). These proteins are 71% identical to each other and 19% identical to yeast Sec63p, so we named At1g79940 (atDjC21) and At4g21180 (atDjC29) as AtERdj2A and AtERdj2B, respectively. Both AtERdj2A and AtERdj2B are more similar to the plant orthologs of Sec63p/ERdj2 than their animal and fungal orthologs ( Supplementary Fig. S1 ).
At3g08970 and At3g62600 encode proteins that contain a putative signal sequence at the N-terminus followed by a J domain and a G/F-rich region, which are characteristic of yeast Scj1p and its mammalian ortholog, ERdj3 (Shen and Hendershot 2005;  Fig. 1 ). We therefore designate At3g08970 (atDjA63) and At3g62600 (atDjB19) as AtERdj3A and AtERdj3B, respectively. AtERdj3B is more similar to mammalian ERdj3 than yeast Scj1p. While yeast Scj1p contains four CXXC motifs in the C-terminal substrate-binding domain and the KDEL C-terminal ER retention signal, both AtERdj3B and ERdj3 contain only one CXXC motif and lack the C-terminal KDEL sequence. AtERdj3A is a protein of 572 amino acid residues and is larger than yeast Scj1p, and mammalian ERdj3 and AtERdj3B. AtERdj3A does not have the C-terminal KDEL sequence either, and no CXXC motif was found in the C-terminal domain of AtERdj3A.
Orthologs of AtERdj3B are also found in plant genomes including rice, grape, poplar, Physcomitrella patens and Chlamydomonas reinhardtii, in addition to human, mouse, fruit fly and nematode genomes ( Supplementary Fig. S2 ).
On the other hand, orthologs of AtERdj3A are only found in plant genomes. At5g03160, which encodes a protein similar to the yeast Jem1p, was previously reported to encode an Arabidopsis ortholog of mammalian P58 IPK (AtP58 IPK /atDjA36), which is a tetratricopeptide repeat (TPR) motif-containing J protein with a J domain in the C-terminal region. Mammalian P58 IPK was first identified as a cellular inhibitor of doublestranded RNA-activated protein kinase and PKR-like endoplasmic reticulum kinase (PERK), and therefore has been assumed to reside in the cytosol (Melville et al. 2000) . However, recently, P58
IPK was reported to contain an N-terminal signal sequence and to reside in the ER lumen (Rutkowski et al. 2007 , S. Oyadomari and D. Ron personal communication) . Although yeast Jem1p does not have a TPR motif, involvement of P58 IPK in the ER quality control (Oyadomari et al. 2006 , Rutkowski et al. 2007 ) and C-terminal J-domain location of both Jem1p and P58 IPK indicated the requirement for further analyses of AtP58 IPK . Orthologs of Jem1p and P58 IPK are found in fungal, animal and plant genomes, and AtP58
IPK is more similar to plant orthologs than fungal and animal orthologs (Supplementary Fig. S3 ).
We first analyzed expression of those five J proteins in Arabidopsis cells. For this purpose, we raised antibodies against those proteins that were expressed in E. coli cells. Cell extracts were prepared from both Arabidopsis cell cultures and yeast cells expressing one of those proteins, and proteins in the extracts were analyzed by SDS-PAGE followed by immunoblotting using the prepared antibodies (Fig. 2) . The antibodies against AtERdj3A recognized a 61 kDa protein in both Arabidopsis and yeast cell extracts ( Fig. 2A) . Anti-AtERdj3B antibodies recognized a 45 kDa protein in Arabidopsis and yeast cell extracts (Fig. 2B ) and a 43 kDa protein (Fig. 2B , asterisk) in yeast, but not in Arabidopsis, cell extracts (Fig. 2B) . Since AtERdj3B contains an N-linked carbohydrate chain in its C-terminal region as shown below, the observed 43 kDa protein is an unglycosylated form of AtERdj3B due to its inefficient glycosylation in yeast. Anti-AtP58 IPK antibodies recognized a 46 kDa protein in Arabidopsis and yeast cell extracts (Fig. 2C ). Anti-AtERdj2B antibodies recognized 75 and 71 kDa proteins in the extracts prepared from Arabidopsis cell cultures and yeast cells expressing AtERdj2A or AtERdj2B, respectively (Fig. 2D) . These results indicate that our antibodies against recombinant AtERdj3A, AtERdj3B and AtP58 IPK specifically recognize corresponding endogenous J proteins in Arabidopsis cells, and that anti-AtERdj2B antibodies recognize both AtERdj2A (75 kDa protein) and AtERdj2B (71 kDa protein) in Arabidopsis cells.
Recent proteomic analyses of Arabidopsis organelles identified another J protein, At1g61770, in the ER (Dunkley et al. 2006) . At1g61770 encodes a membrane-bound J protein with a signal sequence followed by a J domain and transmembrane segments (Fig. 1) . Orthologs of At1g61770 are found in rice, grape and P. patens genomes (Supplementary Fig. S4 ). In this study, we also analyzed the subcellular localization and expression of At1g61770 in addition to the analyses of the five ER J proteins shown above. 
ER localization of the identified J proteins
We examined the subcellular localization of AtERdj3A, AtERdj3B, AtP58 IPK , AtERdj2A, AtERdj2B and At1g61770 in Arabidopsis cells by expressing C-terminally green fluorescent protein (GFP)-tagged fusions of those proteins in protoplasts prepared from Arabidopsis suspension-cultured cells. As shown in Fig. 3A (panels c-f), tubular and reticular staining was observed in cells expressing AtP58 IPK -GFP, AtERdj2A-GFP, AtERdj2B-GFP and At1g61770-GFP. Similar staining patterns were observed in cells expressing GFP-AtSec22, an ER marker protein (Fig. 3A, panel g ) , indicating ER localization of AtP58 IPK -GFP, AtERdj2A-GFP, AtERdj2B-GFP and At1g61770-GFP. In contrast, cells expressing AtERdj3A-GFP and AtERdj3B-GFP exhibited punctate staining in addition to weak tubular/reticular staining (Fig. 3A , panels a and b). Co-expression of monomeric red fluorescent protein (mRFP)-AtSec22, an ER marker protein, with AtERdj3A-GFP or AtERdj3B-GFP revealed that the punctate staining overlaps with the tubular ER staining, indicating that AtERdj3A-GFP and AtERdj3B-GFP reside in subregions of the ER (Fig. 3B) .
We also confirmed ER localization of endogenous AtERdj3A, AtERdj3B, AtP58
IPK , AtERdj2A and AtERdj2B by subcellular fractionation. Arabidopsis cell cultures were converted to protoplasts, homogenized and separated into three fractions by differential centrifugation: 8,000Âg pellet (P8), 100,000Âg pellet (P100) and 100,000Âg supernatant (S100). As shown in Fig. 4A , AtERdj3A, AtERdj3B, AtP58
IPK , AtERdj2A and AtERdj2B were recovered in the P8 and P100 fractions, in which an ER marker AtBiP was recovered as well. AtP58
IPK and AtBiP were also recovered in the soluble S100 fraction, probably due to membrane rupture taking place upon cell lysis.
The P100 fraction was analyzed further by sucrose density gradient centrifugation with or without Mg 2þ (Fig. 4B) . When the P100 fraction prepared with Mg 2þ was analyzed in the presence of Mg 2þ , an ER marker AtBiP was recovered in fractions 11-18. EDTA treatment, which removed ribosomes from the ER membrane, shifted AtBiP in the P100 fraction to lighter fractions (fractions 6-13). Such a density shift in sucrose density gradient centrifugation analyses by EDTA treatment is specific to ER proteins (Kobae et al. 2004 ) since a plasma membrane marker AHA3 (Fig. 4B ) was recovered in fractions 13-18 irrespective of pre-treatment of the membranes with EDTA. Now AtERdj3A, AtERdj3B, AtP58
IPK , AtERdj2A and AtERdj2B were all co-fractionated with AtBiP in sucrose density gradient centrifugation analyses, exhibiting a density shift by EDTA treatment. These results confirmed the ER localization of the five J proteins identified in Arabidopsis cells. AtERdj2A and AtERdj2B are integral ER membrane proteins whereas AtERdj3A, AtERdj3B and AtP58 IPK are soluble proteins in the ER lumen
We then analyzed membrane association of the identified Arabidopsis J proteins in the ER. The P8 fraction was treated with buffer alone or buffer with the reagents shown in Fig. 5A , and was subjected to centrifugation to separate soluble and insoluble fractions. After sonication of membranes with buffer alone, AtP58
IPK was, like a soluble ER luminal protein AtBiP, recovered in both soluble and insoluble fractions and was nearly completely extracted by sodium carbonate treatment, indicating that AtP58
IPK is a soluble protein. On the other hand, AtERdj2A and AtERdj2B, like an integral membrane protein AHA3, remained insoluble after sonication of membranes in buffer alone, were resistant against sodium carbonate extraction but were solubilized with 1% Triton X-100, indicating that they are integral membrane proteins.
AtERdj3A and AtERdj3B were solubilized by sodium carbonate treatment, indicating that they are not integral membrane proteins. However, AtERdj3A and AtERdj3B were not solubilized with 1% Triton X-100 alone and required 1 M NaCl for solubilization with 1% Triton X-100. When proteins in the P8 fraction were analyzed by glycerol density gradient centrifugation after treatment of membranes with 1% Triton X-100, AtERdj3A and AtERdj3B were mainly recovered in the bottom fractions (Fig. 5B ). These results suggest that AtERdj3A and AtERdj3B form salt-sensitive large protein complexes. After this glycerol density gradient centrifugation, AtP58
IPK and AtBiP were recovered in the fractions corresponding to a molecular weight of 67 kDa but not in the bottom fraction, showing that the protein complex(es) associated with AtERdj3A and AtERdj3B does not contain AtBiP or AtP58 IPK . AtERdj3A, AtERdj3B and AtP58
IPK as well as a luminal protein, AtBiP, were resistant against externally added protease (þPK -TX) but were degraded when membranes were ruptured with Triton X-100 (þPK þTX) (Fig. 5C ). This suggests that AtERdj3A, AtERdj3B and AtP58 IPK reside in the ER lumen. When AtP58 IPK was expressed in the yeast sec11 mutant, a temperature-sensitive mutant of the ER signal peptidase, a 48 kDa species was detected by immunoblotting with anti-AtP58
IPK antibodies in addition to 46 kDa AtP58 IPK (Fig. 5D ). This result show that AtP58
IPK has a cleavable signal sequence, supporting that AtP58
IPK is an ER luminal protein. Both AtERdj3A and AtERdj3B contain one putative N-linked glycosylation site in their C-terminal region ( Fig. 1 ). As shown in Fig. 5E , endoglycosidase H treatment converted AtERdj3B from the 45 kDa form to the 43 kDa form. This size difference is consistent with the size of a core oligosaccharide chain (2 kDa), indicating that the N-linked glycosylation site of AtERdj3B received a carbohydrate modification in the ER lumen. On the other hand, endoglycosidase H treatment did not change the molecular mass of AtERdj3A, showing that AtERdj3A is not N-glycosylated.
Induction of the ER J protein genes by ER stress
We analyzed expression of the identified Arabidopsis ER J proteins in various tissues. Total RNA fractions were homogenates prepared from Arabidopsis suspension-cultured cells were subjected to differential centrifugation. Cell homogenates (Total), the pellet fraction after centrifugation at 8,000Âg for 10 min (P8), the pellet (P100) and the supernatant (S100) fraction after centrifugation at 100,000Âg for 1 h were subjected to immunoblotting using antibodies against AtERdj3A, AtERdj3B, AtP58IPK, AtERdj2B or AtBiP. (B) The P100 fractions prepared in the presence of 5 mM MgCl 2 (þMg 2þ ) or 5 mM EDTA (þEDTA) were further fractionated by sucrose density gradient [15-50% (w/v)] centrifugation. Fractions were collected and subjected to immunoblotting using antibodies against AtERdj3A, AtERdj3B, AtP58 IPK , AtERdj2B, AtBiP or AHA3 (a plasma membrane marker). Filled and open arrowheads indicate AtERdj2A and AtERdj2B, respectively. prepared from leaves, flower buds, flowers and seedlings, and expression of the identified J protein genes was analyzed by Northern blotting. As shown in Fig. 6A , AtERDJ3B, AtERDJ2A and AtERDJ2B as well as AtBiP genes were expressed in all the tissues examined. On the other hand, AtERDJ3A and At1g61770 messages were more abundantly expressed in reproductive tissues such as flower buds and flowers than in leaves and seedlings, which are consistent with the microarray results showing that these genes are highly expressed in mature pollen (Schmid et al. 2005) . AtP58
IPK messages were abundant in flower buds, flowers and seedlings, but were not detected in leaves. These results are consistent with the microarray analyses of global gene expression during Arabidopsis development (Schmid et el. 2005) .
Generally, accumulation of unfolded or misfolded proteins in the ER lumen increases the load for the ER quality control. To cope with such ER stress, cells elicit an unfolded protein response (UPR), which leads to the coordinated synthesis of ER-resident chaperones and folding enzymes (Bernales et al. 2006 ). The UPR is induced by treating cells with drugs such as tunicamycin, an inhibitor of N-linked glycosylation. The UPR was observed in plant cells: tunicamycin treatment of Arabidopsis seedlings induces expression of a set of ER chaperones including AtBiP (Martinez and Chrispeels 2003, Kamauchi et al. 2005 ). We found that the genes for the identified Arabidopsis ER J proteins except for the AtERDJ2A gene were also induced by tunicamycin treatment of seedlings. Transcription of the AtERDJ3A, AtERDJ3B, AtP58 IPK , AtERDJ2B and AtBiP genes was up-regulated 11.3-, 2.7-, 2.2-, 2.4-and 2.1-fold, respectively (Fig. 6A) . However, at the protein level, while tunicamycin treatment of Arabidopsis seedlings induced AtERdj3A 12-fold ( IPK are soluble proteins in the ER, and AtERdj2A and AtERdj2B are integral ER membrane proteins. (A) The P8 fraction prepared from Arabidopsis cell homogenate was incubated in buffer alone (Buffer), buffer containing 1% Triton X-100 (Tx100), buffer containing 1% Triton X-100 and 1 M NaCl (NaCl þ Tx100) or buffer containing 0.1 M Na 2 CO 3 , pH 10.5 (Na 2 CO 3 ) on ice for 30 min and was subsequently centrifuged at 100,000Âg for 1 h. Pellets (P) and supernatants (S) derived from the same amount of the P8 fraction (Total) were subjected to immunoblotting using antibodies against AtERdj3A, AtERdj3B, AtP58 IPK , AtERdj2B and AtBiP. Filled and open arrowheads indicate AtERdj2A and AtERdj2B, respectively. (B) The P8 fraction prepared from Arabidopsis cell homogenate was solubilized with 1% Triton X-100 and fractionated by glycerol density gradient [20-40% (w/v)] centrifugation. Fractions were collected from the top and subjected to immunobloting using antibodies against AtERdj3A, AtERdj3B, AtP58 IPK or AtBiP. Vertical arrowheads denote the positions of apoferritin (440 kDa), catalase (230 kDa), alcohol dehydrogenase (140 kDa) and bovine serum albumin (67 kDa). (C) The P8 fraction prepared from Arabidopsis cell homogenate was treated with 200 mg ml -1 proteinase K (PKþ) for 30 min on ice in the presence (TXþ) or the absence (TX-) of 0.1% Triton X-100 and was subjected to immunoblotting using antibodies against AtERdj3A, AtERdj3B, AtP58 IPK or AtBiP. The asterisks indicate fragments of proteins generated by protease treatment. (D) The wild type (SEY6210, SEC11, lanes 1and 2) or the sec11 mutant (PBY3-9B, sec11, lanes 3 and 4) expressing AtP58 IPK were grown in SCD (-Ura) at 238C and subsequently incubated at 37 or 238C for 2 h. Membrane fractions were prepared and subjected to immunoblotting using antibodies against AtP58 IPK or yeast BiP/Kar2p. Open circles indicate the accumulated precursor forms of each protein. E, proteins of the P8 fraction prepared from Arabidopsis cell homogenate were incubated with (þ) or without (-) endoglycosidase H (Endo H) at 378C overnight and subjected to immunoblotting using antibodies against AtERdj3A or AtERdj3B.
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J proteins of the Arabidopsis ER and an unglycosylated 43 kDa form was observed for AtERdj3B, the protein levels of AtERdj3B, AtP58 IPK and AtERdj2B did not significantly increase, perhaps because these proteins were sufficiently abundant in seedlings under normal conditions. In contrast, transcription of the At1g61770 gene was not up-regulated by tunicamycin treatment (Fig. 6A) .
Expression of AtERdj3A, AtERdj3B and AtP58
IPK partially suppressed the growth defect of the yeast jem1Dscj1D mutant Yeast cells lacking both Jem1p and Scj1p are temperature sensitive for growth and are defective in protein folding and quality control in the ER but not in protein translocation across the ER membrane (Nishikawa et al. 2001) . We thus expressed AtERdj3A, AtERdj3B and AtP58 IPK in the jem1Dscj1D mutant and analyzed whether their expression could suppress the growth defect of the jem1Dscj1D mutant. Expression of AtERdj3A suppressed the growth defect of the jem1Dscj1D cells at both 37 and 308C, while that of AtERdj3B and AtP58
IPK suppressed the growth defects at 308C but not at 378C (Fig. 7A) . These results suggest that AtERdj3A, AtERdj3B and AtP58 IPK have functions similar to those of Scj1p and Jem1p in yeast. In contrast, expression of AtERdj2A and AtERdj2B did not suppress the temperature-sensitive growth defects of the yeast sec63-1 mutant ( Fig. 7B) , indicating that AtERdj2A and AtERdj2B cannot substitute for the function of yeast Sec63p.
T-DNA insertion mutations of the AtERDJ2A gene are lethal for Arabidopsis and caused defects in pollen function
We constructed mutants for each Arabidopsis ER J protein using T-DNA insertion lines constructed by the SIGnAL project (Alonso et al. 2003) , and the insertion point of each T-DNA line is shown in Fig. 8A . Homozygous insertion mutants for AtERdj3A, AtERdj3B, AtP58
IPK and AtERdj2B were selected by PCR-based genotyping. Northern blotting and immunoblotting showed that all the insertion mutations inhibited expression of the full-length transcript (Fig. 8B) and synthesis of the gene products (Fig. 8C) of the mutated genes. The isolated homozygous mutants grew normally and produced seeds, and no obvious growth or developmental defect was observed. Therefore, AtERdj3A, AtERdj3B, AtP58 IPK and AtERdj2B are not required for Arabidopsis growth under the present experimental conditions. On the other hand, homozygous mutants of the AtERDJ2A gene were not isolated in both aterdj2a-1 and aterdj2a-2 alleles, suggesting that AtERdj2A is essential for the Arabidopsis growth (Table 1) . Each AtERDJ2A heterozygous plant showed approximately a 1 : 1 segregation ratio of transmission of the T-DNA in the first selfing progeny. A Mendelian transmission ratio of 1 : 2 : 1 was rejected by a 2 test (P50.01). Embryos produced by selfing of AtERDJ2A/ aterdj2a plants grew normally. These results suggest that the mutation of the AtERDJ2A gene causes gametophytic defects.
We next performed reciprocal crossing experiments to determine the gametophytes affected by the aterdj2a mutation. When pistils of wild-type Col-0 plants were pollinated with pollen from the AtERDJ2A/aterdj2a heterozygous plants, we observed a significant reduction in transmission of the aterdj2a allele to the progeny. In contrast, pollination of AtERDJ2A/aterdj2a heterozygous stigmas with wild-type pollen yielded progeny with a 1 : 1 segregation ratio of transmission of T-DNA (Table 1) . T-DNA insertion mutations of AtERDj2A, therefore, appeared specifically to influence functions of male but not female gametophytes. We crossed AtERDJ2A/aterdj2a heterozygous plants to the quartet1 (qrt1) plants to analyze further the pollen containing the aterdj2a mutation. The qrt mutant produces four microspores derived from a single pollen mother cell that stay attached to one another (Preuss et al. 1994) . The AtERDJ2A/aterdj2a heterozygous plants with the qrt1/qrt1 homozygous mutation produce tetrad pollen grains consisting of two AtERDJ2A pollen grains and two aterdj2a pollen grains. The aterdj2a mutation did not appear to affect pollen development. The AtERDJ2A/aterdj2a qrt1/ qrt1 mutant produced pollen tetrads consisting of four grains with normal morphology (Fig. 9B) . 4 0 ,6-Diamidino-2-phenylindole (DAPI) staining showed that pollen tetrads 
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J proteins of the Arabidopsis ER consist of four grains containing two generative nuclei and one vegetative nucleus, indicating that pollen mitosis took place normally in the aterdj2a pollen (Fig. 9D) . The produced pollen grains are all viable, as shown by Alexander staining ( Fig. 9F ; Alexander, 1969) . We found, however, that the aterdj2a mutation affected pollen germination in vitro. In most of the AtERDJ2A/aterdj2a qrt1/qrt1 tetrads, one or two pollen grains germinated and 512% of the tetrads contained three or four germinated pollen grains (Fig. 9H, I ). In contrast, 430% of wild-type (AtERDJ2A/AtERDJ2A qrt1/qrt1) tetrads contained three or four germinated pollen grains (Fig. 9I) .
Mutations of the AtERDJ3B and the AtP58 IPK genes cause up-regulation of the other luminal ER J proteins
Northern blotting analyses revealed that the mutation of the AtERDJ3B gene caused up-regulation of AtERDJ3A and AtP58 IPK gene expression. As compared with the wildtype strain, AtERDJ3A expression increased 2.0-and 1.5-fold, and AtP58 IPK expression increased 3.4-and 2.6-fold in the aterdj3b-1 and the aterdj3b-2 mutants, respectively (Fig. 8B) . Up-regulation of AtERdj3A and AtP58 IPK expression in the aterdj3b mutants was also confirmed at the protein level by immunoblotting. The amount of AtERdj3A increased 3.2-and 2.7-fold, and that of AtP58 IPK increased 1.8-and 2.4-fold in the aterdj3b-1 and aterdj3b-2 mutants, respectively, as compared with those in the wild-type strain (Fig. 8C) . Expression of AtERDJ3A was also induced 3-to 4-fold in the atp58 ipk mutants. In contrast, the AtERDJ3B gene was induced only 51.6-to 1.8-fold in the atp58 ipk mutant strains. Such up-regulation appears to be specific for the luminal ER J protein genes, since induction of AtBiP or AtERDJ2B genes was not observed in aterdj3b and atp58 ipk mutant strains. T-DNA insertion mutations of the AtERDJ3A and the AtERDJ2B genes had no effect on the expression of the ER J protein genes and the AtBiP gene.
AtP58
IPK shares functions essential for Arabidopsis with AtERdj3A and AtERdj3B
Next, we constructed double mutants of the luminal ER J proteins. The aterdj3a aterdj3b double mutants were viable and did not show any additional growth or developmental phenotypes. AtP58 IPK expression increased 2.6-and 2.7-fold in the aterdj3a-1 aterdj3b-1 and the aterdj3a-2 aterdj3b-2 mutants, respectively. This level of AtP58 IPK up-regulation was similar to that observed in the aterdj3b single mutants, indicating no additional upregulation in the double mutants. Double mutations of AtERDJ3A and AtERDJ3B had no effect on the expression of the AtBiP gene (Fig. 8B) .
On the other hand, combinations of the atp58 ipk mutation with aterdj3a or aterdj3b were lethal. When we analyzed the first selfing progeny of plants that are homozygous for the atp58 ipk mutation and heterozygous for the aterdj3a or the aterdj3b mutation, plants that are homozygous for the aterdj3a or the aterdj3b mutation were not obtained (Table 2) . Reciprocal crossing experiments showed that both male and female gametophytes containing the aterdj3a atp58 ipk double mutations are functional (Table 2 ). In contrast, AtERDJ3B/aterdj3b atp58 ipk / atp58 ipk plants showed approximately a 1 : 1 segregation ratio of transmission of the aterdj3b mutation in the first selfing progeny. When pistils of wild-type Col-0 plants were pollinated with pollen from the AtERDJ3B/aterdj3b atp58 ipk /atp58 ipk plants, we observed a significant reduction ipk plants with wild-type pollen yielded progeny with a 1 : 1 segregation ratio of transmission of the aterdj3b allele ( Table 2 ). The male gametophytic defect was also observed when we used the atp58 ipk -2 mutant instead of the atp58 ipk -1 mutant (M. Yamamoto, unpublished result). These results show that atp58 ipk aterdj3b double mutations specifically caused defects in male gametophytes.
Discussion
J proteins are partners of Hsp70 molecular chaperones and specify their functions and substrates. Here we identified and characterized the five Arabidopsis ER J proteins, AtERdj2A, AtERdj2B, AtERdj3A, AtERdj3B and AtP58
IPK . Subcellular fractionation analyses showed the ER localization of all five J proteins; the former two proteins on the ER membrane and the latter three in the ER lumen. This is consistent with the proteomic analysis of Arabidopsis organelles where three of the five J proteins (AtERdj2A, AtERdj2B and AtP58 IPK ) were identified as in the ER fraction (Dunkley et al. 2006 ).
AtERdj2A and AtERdj2B are orthologs of yeast Sec63p and mammalian ERdj2, which function in post-translational protein translocation across the ER membrane as partners for BiP (Brodsky and Schekman 1993 , Tyedmers et al. 2000 , Bies et al. 2004 . We found that insertion mutations of AtERDJ2A were lethal for Arabidopsis and resulted in defects in pollen germination. Pollen germination and pollen tube elongation require protein secretion, and block of secretion was reported to inhibit pollen germination or tube elongation. For example, Rab2 protein is a small GTPase involved in ER-Golgi transport, and expression of a dominant-negative mutant of tobacco Rab2 (NtRab2) in tobacco pollen resulted in inhibition of pollen tube growth (Cheung et al. 2002) . Yeast Sec8p is a subunit of the exocyst complex involved in secretion, and an Arabidopsis mutant of a Sec8p ortholog (AtSec8) is defective in pollen germination (Cole et al. 2005) . The germination defect of aterdj2a pollen probably reflects the involvement of AtERdj2A in protein secretion, i.e. protein translocation across the ER membrane. However, not all of the aterdj2a mutant pollen grains are defective in germination. This indicates the possibility that AtERDJ2B only partially suppressed the defects of the aterdj2a mutant. Microarray analyses of tissue-specific gene expression (Schmid et al. 2005) visualized by the eFP browser (Winter et al. 2007) showed that AtERDJ2A is expressed more abundantly than AtERDJ2B in most tissues including mature pollen. Although our results showed that around a quarter of pollen grains containing the aterdj2a mutation were functional, we did not obtain plants homozygous for the aterdj2a mutation (Table 1) . Possibly, the aterdj2a mutation caused embryo lethality as well. However, due to a low expected frequency of the appearance (5.8%, predicted from the result shown in Table 1 ), it was difficult to identify homozygous aterdj2a plants in the siliques of the AtERDJ2A/aterdj2a heterozygous plants at this time. We did not observe a significant increase of aborted seeds in the AtERDJ2A/aterdj2a hetelozygous lines as compared with the wild-type lines. Detailed analyses of the AtERDJ2A/ aterdj2a plants will reveal the roles of AtERdj2A in embryo development. 
J proteins of the Arabidopsis ER
In contrast to AtERDJ2A, insertion mutations of AtERDJ2B were not lethal in Arabidopsis. Probably, AtERdj2A functions primarily in protein translocation, and AtERdj2B plays auxiliary roles. Expression of neither AtERdj2A nor AtERdj2B rescued the temperature-sensitive growth defects of the yeast sec63-1 mutant, yet this is probably due to inability of AtERdj2A and AtERdj2B to form functional complexes with yeast Sec71p and/or Sec72p in yeast cells (Brodsky and Schekman 1993) .
Our results strongly suggest that AtERdj3A and AtERdj3B are functional orthologs of yeast Scj1p and mammalian ERdj3 (Silberstein et al. 1998 , Nakanishi et al. 2004 , Shen and Hendershot 2005 . All of these J proteins reside in the ER lumen and their expression was induced by ER stress. Expression of AtERdj3A efficiently suppressed the temperature-sensitive growth defect of the yeast jem1Dscj1D mutant, suggesting that AtERdj3A is fully functional as an Scj1p counterpart in yeast cells. AtERdj3B suppressed the growth defect of the jem1Dscj1D mutant only partially, perhaps because AtERdj3B cannot be N-glycosylated so efficiently in yeast cells as in Arabidopsis cells. Fractionation analyses showed that AtERdj3A and AtERdj3B form large protein aggregates/ structures (Fig. 5B) , resulting in dot-like staining patterns observed in Arabidopsis cell cultures expressing AtERdj3A-GFP or AtERdj3B-GFP under the fluorescence microscope (Fig. 3) . This may be reminiscent of the large multiprotein complexes containing a subset of ER chaperones including BiP and ERdj3 in mammalian cells that express unassembled immunoglobulin heavy chain , although the large protein complex structures involving AtERdj3A and AtERdj3B lack AtBiP in Arabidopsis cells.
Although AtERdj3A and AtERdj3B seem to play similar roles, these J proteins probably function in different processes in the Arabidopsis life cycle because the aterdj3a aterdj3b double mutants are viable. Microarray analyses of tissue-specific gene expression (Schmid et al. 2005 ) also showed that there are differences between AtERdj3A and AtERdj3B in their expression. AtERdj3B is highly expressed in all the tissues examined. In contrast, AtERdj3A is only expressed in pollen, which is consistent with our Northern blot analysis (Fig. 6A) . The similarity of these J proteins in their amino acid sequences is not so high. While AtERdj3B is more similar to even mammalian ERdj3, AtERdj3A has a longer C-terminal domain and its orthologs are only found in plant genomes.
InterProScan (Zdobnov and Apweiler 2001) predicted that AtERdj3A contains a thioredoxin-like fold in the C-terminal domain. Mammalian ERdj5 is a J protein with four thioredoxin-like domains (Cunnea et al. 2003 , Hosoda et al. 2003 . However, AtERdj3A may not be an ERdj5 Table 2 Genetic analysis of mutants that are homozygous for atp58 ipk and heterozygous for aterdj3a or aterdj3b
Self-cross of mutants that are homozygous for atp58 ipk and heterozygous for aterdj3a or aterdj3b
Genotype
No. of progeny Genotypes of progeny 
Col-0 110 51
Genotypes were analyzed by PCR. ortholog of Arabidopsis because the thioredoxin-like fold of AtERdj3A does not contain the CXXC sequence in the thioredoxin active site, while mammalian ERdj5 proteins do not contain the G/F-rich domain. Proteomic analyses of Arabidopsis organelles identified At1g18700 as another J protein in the ER containing a thioredoxin-like domain (Dunkley et al. 2006 ), but At1g18700 does not contain the HPD sequence, which is essential for the J protein function, nor the CXXC sequence in the thioredoxin active site. Therefore, Arabidopsis does not seem to have an ortholog of ERdj5. AtP58 IPK was reported as an ortholog of mammalian P58 IPK , a TPR-containing J protein with a J domain in the C-terminal region (Bilgin et al. 2003) . The luminal localization of AtP58 IPK and its induction by the UPR strongly suggest that AtP58 IPK functions as a partner for AtBiP probably in protein folding and quality control in the ER as in the case of mammalian P58
IPK . Indeed, AtP58
IPK partially suppressed the growth defect of the jem1Dscj1D mutant (Fig. 7A) , supporting its roles in ER quality control. Similar to mammalian and plant P58 IPK , Jem1p contains a signal sequence and the C-terminally located J domain, and, on the basis of their functional similarity, we propose that Jem1p is a distantly related ortholog of P58 IPK . Yeast Jem1p is known to function in nuclear membrane fusion during yeast mating, and the jem1D mutant is defective in this process (Nishikawa and Endo 1997) . Fusion of haploid nuclei also takes place during the fertilization process in plant. However, mutants of the AtP58 IPK gene are fertile, indicating that AtP58 IPK is not required for nuclear fusion during Arabidopsis fertilization.
In addition to the analyses of the above five J proteins in the Arabidopsis ER, we analyzed the subcellular localization and expression of At1g61770, which was identified as an ER protein by the proteomic analysis of Arabidopsis organelles (Dunkley et al. 2006) . Recently, Erj5p, the fourth J protein, with a J domain facing the ER lumen, was identified in budding yeast. Erj5p is a membrane-bound J protein with a signal sequence followed by a J domain and a transmembrane sequence, and was proposed to play roles in protein folding in the ER (Carla Fama´et al. 2006) . Although ERdj1, yeast Erj5p and At1g61770 share common domain structures consisting of an N-terminal signal sequence followed by the luminal J domain and (a) transmembrane segment(s), Erj5p and At1g61770 do not possess two functional motifs, the SANT domain and the positively charged sequence, which are important for ERdj1 functions (Dudek et al. 2005) . At1g61770 is predicted to contain two transmembrane segments while Erj5p and ERdj1 contain one. Unlike the yeast ERJ5 gene, expression of the At1g61770 gene was not induced by the tunicamycin treatment (Fig. 6) , and therefore further characterization is necessary to regard At1g61770 as an Arabidopsis functional counterpart of yeast Erj5p or mammalian ERdj1. Arabidopsis or yeast cells do not appear to have counterparts of ERdj4, which has been reported to reside in the mammalian ER (Table 3) .
We found here that expression of AtERDJ3A, AtERDJ3B, AtP58
IPK and AtERDJ2B was up-regulated by the ER stress. This is consistent with the results of microarray analyses that identified AtP58 IPK and AtERDJ2B as genes whose expression is induced by tunicamycin or dithiothreitol treatment (Martinez and Chrispeels 2003, Kamauchi et al. 2005) . The ATTED-II co-expression database (Obayashi et al. 2007 ) showed coexpression of AtERDJ3B, AtP58
IPK and AtERDJ2B with genes for ER chaperones including BiP, calnexin/calreticulin and GRP94. These results suggest that AtERDJ3A, AtERDJ3B, AtP58
IPK and AtERDJ2B are UPR target genes. Sequences related to the cis-acting elements of Rothblatt et al. (1989); b, Sadler et al. (1989); c, Silberstein et al. (1998); d, Nishikawa and Endo (1997); e, Carla Fama´et al. (2006) ; f, Tyedmers et al. (2000) ; g, Bies et al. (2004); h, Nakanishi et al. (2004) ; i, Shen and Hendershot (2005) ; j, Melville et al. (2000) ; k, Dudek et al. (2005) ; l, Chevalier et al. (2000) ; m, Shen et al. (2002) ; n, Kurisu et al. (2003) ; o, Cunnea et al. (2003); p, Hosoda et al. (2003) .
-, no ortholog found in this species.
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J proteins of the Arabidopsis ER mammalian UPR target genes were found in the promoter regions of plant UPR target genes (Martinez and Chrispeels 2003 , Noh et al. 2003 , Kamauchi et al. 2005 , and one such element, P-UPRE, was shown to function as a UPR-responsive element . The CCACGT motif in the P-UPRE was indeed found in the 5 0 -untranslated regions of AtERDJ2B, AtERDJ3A, AtERDJ3B and AtP58
IPK genes ( Supplementary Fig. S5 ). In yeast, deletion of the JEM1 or the SCJ1 genes causes induction of the UPR pathway (Silberstein et al. 1998) . In Arabidopsis, we found that the insertion mutation of the AtERDJ3B gene causes induction of AtERdj3A and AtP58 IPK , and that the mutation of the AtP58 IPK gene causes induction of AtERdj3A at both the mRNA and protein levels. However, this induction was rather specific to the AtERDJ3A and the AtP58
IPK genes since induction of AtBiP and AtERDJ2B genes was not observed in the aterdj3b or the atp58 ipk mutants, suggesting the possibility of a different regulation mechanism operating for different UPR target genes.
Microarray analyses of Arabidopsis gene expression upon various abiotic stresses showed that expression of the luminal J protein genes, AtERDJ3A, AtERDJ3B and AtP58 IPK , is induced by treating plants with heat (Kilian et al. 2007) . Among these three genes, induction of AtERDJ3A was the most prominent and specific; AtERDJ3A was induced 50-to 80-fold 1 h after treating plants at 388C. The other two genes, AtERDJ3B and AtP58 IPK , were induced only 2-to 4-fold by heat treatment, but they were also induced 3-to 4-fold in shoots 6 h after irradiation with UV-B light. Expression of AtERDJ2A was induced $2-fold after plants were treated with cold, osmotic and salt stresses for $24 h. Interestingly, expression of AtERDJ2B was decreased $2-fold under the same conditions. Further analyses using mutants of these genes would reveal the roles of these ER J proteins in response to these abiotic stresses.
In yeast, simultaneous deletion of the JEM1 and the SCJ1 genes resulted in a temperature-sensitive growth defect and the ER quality control defect (Nishikawa and Endo 1997) . We found that the atp58 ipk mutation caused lethality in combination with the aterdj3a mutation, and male gametophytic defects with the aterdj3b mutation, although a single mutation of the AtP58 IPK gene apparently did not cause any growth or developmental defects in Arabidopsis. Interestingly, the atp58 ipk aterdj3a mutant did not cause a pollen defect, in contrast to the pollen-specific expression of AtERdj3A in wild-type plants (Schmid et al. 2005) . We observed up-regulation of the AtERDJ3A gene in the atp58 ipk mutant (Fig. 8) , and this probably suppressed defects of the atp58 ipk mutation. Microarray analyses showed that the AtP58 IPK gene is highly expressed in tissues including flower buds, flowers and developing seeds (Schmid et al. 2005) , suggesting its roles in reproductive processes. Since deletion of Scj1p and Jem1p causes specific defects in ER quality control in yeast (Silberstein et al. 1998 , Nishikawa et al. 2001 , further analyses of aterdj3a atp58 ipk and aterdj3b atp58 ipk mutants will unravel the roles of ER protein quality control in Arabidopsis growth and development.
Materials and Methods
Plant materials and growth conditions
Arabidopsis thaliana ecotype Columbia wwew used as wildtype plants. The qrt1 mutant (Copenhaver et al. 1998 ; CS8846) was a gift from Daphne Preuss. Information about T-DNA insertion mutants, SALK_103280 (aterdj3a-1), SALK_027193 (aterdj3a-2), SALK_113364 (aterdj3b-1), SALK_055599 (aterdj3b-2), SALK_ 140273 (atp58 ipk -1), SALK_080901 (atp58 ipk -2), SALK_103659 (atp58 ipk -3), CS846905 (aterdj2a-1), SALK_058638 (aterdj2a-2), SALK_007095 (aterdj2b-1) and SALK_117783 (aterdj2b-2), was obtained from the Salk Institute Genomic Analysis Laboratory (SIGnAL) website (http://signal.salk.edu). All seeds were provided by the Arabidopsis Biological Resource Center at Ohio State University. T-DNA insertion was verified by PCR using specific primers, which were designed with the SIGnAL iSect tool (http:// signal.salk.edu/isects.html). Seeds were surface sterilized by chlorine gas and then sown on soil or onto Murashige-Skoog medium (Wako, Osaka, Japan) containing 0.7% agar and 1% sucrose. Arabidopsis plants were grown at 228C under continuous light. Arabidopsis cell cultures ('Deep' cells) were a gift from Akihiko Nakano (University of Tokyo) and were cultured in MurashigeSkoog medium as described (Mathur et al. 1998 ).
Transient expression of GFP-tagged Arabidopsis ER J proteins in culture cells
Total RNA was prepared from Arabidopsis seedlings by the TRIzol reagent (Invitrogen, Carlsbad, CA, USA), and cDNA was generated by the SuperScriptII first-strand synthesis system (Invitrogen) according to the manufacturer's protocol. cDNA fragments for the Arabidopsis ER J protein genes were amplified by PCR using specific primers and the first-strand cDNA as a template. Open reading frames (ORFs) of these cDNAs were fused to the 5 0 -terminus of the sGFP ORF of the cauliflower mosaic virus (CaMV) 35S-sGFP(S65T)-NOS3 0 vector (Niwa et al. 1999 ; a gift from Yasuo Niwa). The plasmids used for co-expression of mRFP-tagged AtSec22 with AtERdj3A-sGFP or AtERdj3B-sGFP were constructed as follows. The ORF of AtSec22 ; a gift from Masahiko Sato) was fused to that for the C-terminus of mRFP (Cambell et al. 2002 ; a gift from Roger Y. Tsien) and cloned into the expression vector pSK35S, a derivative of pBluescriptII SK(þ) containing the CaMV 35S promoter and the NOS terminator to produce pMYD011. Gateway reading frame cassette A (Invitrogen) was inserted into the KpnI site of pMYD011 to produce pMYD012. The CaMV35S-AtERDJ3A-sGFP-NOS cassette or the CaMV35S-AtERDJ3B-sGFP-NOS cassette that had been cloned into the pENTR/D-TOPO vector (Invitrogen) was introduced into pMYD012 by the recombination reaction using LR clonase II (Invitrogen).
Transient expression in Arabidopsis cell cultures was performed as described (Ueda et al. 2001) , and the GFP and mRFP fluorescence images were observed and captured using a confocal laser-scanning microscope FV1000 (Olympus).
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Antibodies to Arabidopsis ER J proteins DNA fragments corresponding to residues 24-572 of AtERdj3A, residues 24-346 of AtERdj3B, residues 43-482 of AtP58 IPK and residues 215-661 of AtERdj2B were amplified by PCR from the corresponding cDNA clones using specific primers. The amplified DNA fragments were cloned into the pET21a vector (Novagen, Madison, WI, USA) to construct plasmids for expression of their His-tagged fusion proteins in E. coli. All fusion proteins were recovered as inclusion bodies when expressed in the E. coli BL21(DE3) strain. The inclusion bodies were solubilized in 6 M urea, 50 mM Tris-HCl, pH 8.0, and the solubilized proteins were used to immunize rabbits with complete Freund's adjuvant followed by five or six booster immunizations with incomplete Freund's adjuvant. IgG fractions were prepared from antisera using Protein A-Sepharose Fast Flow (GE Healthcare, Milwaukee, WI, USA) column chromatography, and antibodies were further purified using the antigen columns. Affinity-purified antibodies were used at the following dilutions for immunoblotting; AtERdj3A (1 : 50), AtERdj3B (1 : 100), AtP58 IPK (1 : 100) and AtERdj2B (1 : 50).
Anti-AtBiP antibodies were raised against the C-terminally His-tagged AtBiP1 (residues 377-659). The antigen was recovered in the soluble fraction when expressed in E. coli cells and was purified using the TALON metal affinity resin (Clontech, Mountain View, CA, USA). The purified protein was used to immunize rabbits as described above. The antisera against AtBiP were used at 1 : 5,000 dilutions for immunoblotting.
Subcellular fractionation
Protoplasts were prepared from Arabidopsis cell cultures (2 g wet weight) as described by Ueda et al. (2001) , suspended in 10 ml of lysis buffer (100 mM HEPES-KOH, pH 7.4, 5 mM EGTA, 0.3 M sucrose) containing 5 mM MgCl 2 or in 10 ml of lysis buffer containing 5 mM EDTA, and were homogenized using a PotterElvehjem homogenizer. The homogenate was centrifuged at 2,000Âg for 20 min at 48C to remove cell debris. The resulting supernatant was subsequently centrifuged at 8,000Âg for 10 min at 48C to yield supernatant (S8) and pellet (P8) fractions. The S8 fraction was further centrifuged at 100,000Âg for 1 h at 48C to yield supernatant (S100) and pellet (P100) fractions. The P100 fraction was suspended in 0.7 ml of the buffer used for the homogenization step, layered directly on top of 15 ml of linear sucrose density gradient [15-50% (w/v)] in the buffer used at the homogenization step and centrifuged at 94,000Âg for 13 h at 48C. All the solutions used here contained protease inhibitors: 1 mM phenylmethylsulfonyl fluoride (PMSF), 2 mg ml -1 chymostatin, 1 mg ml -1 N-tosyl-L-phenylmethylchloromethyl ketone, 200 mg ml -1 p-aminobenzamidine hydrochloride, 5 mg ml -1 pepstatin A, 5 mg ml -1 E-64, 1 mM 6-aminohexanoic acid, 2 mg ml -1 aprotinin, 2 mg ml -1 antipain, 2 mg ml -1 leupeptin and 20 mg ml -1 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride.
To analyze membrane association of proteins, the P8 fraction prepared in the presence of 5 mM MgCl 2 was suspended in lysis buffer containing 1% Triton X-100, in 1% Triton X-100 and 1 M NaCl, or in 0.1 M Na 2 CO 3 and incubated at 48C for 30 min. Membranes were centrifuged at 100,000Âg for 1 h at 48C to separate supernatant and pellet fractions.
Protease and endoglycosidase H treatments
The P8 fraction was suspended in lysis buffer containing 5 mM MgCl 2 and was incubated with 200 mg ml -1 proteinase K (Wako) in the presence or absence of 1% Triton X-100 for 30 min on ice. The reactions were terminated by addition of 1 mM PMSF. The P8 fraction was solubilized in 1% SDS, 1% 2-mercaptoethanol and incubated at 958C for 5 min. The solubilized protein (15 mg protein) was incubated in 20 ml of 50 mM sodium citrate, pH 5.0, 1% Triton X-100, 1 mM PMSF, 10 mM pepstatin A in the presence or absence of 0.005 U of endoglycosidase H (Seikagaku Kogyo, Tokyo, Japan) at 378C overnight.
Glycerol density gradient centrifugation
The P8 fraction was solubilized at 2 mg protein ml -1 in 20 mM Tris-HCl, pH 7.4, 50 mM NaCl, 0.1 mM EDTA, 10% glycerol and 1% Triton X-100 in the presence of the protease inhibitors described above. Insoluble materials were removed by centrifugation at 8,000Âg for 10 min at 48C, and the supernatant (200 ml) was layered on top of a 4.8 ml linear glycerol gradient [20-40% (w/v)] in 1% Triton X-100, 20 mM Tris-HCl, pH 7.4, 50 mM NaCl, 0.1 mM EDTA, 50 mM 6-aminohexanoic acid and protease inhibitors. The samples were centrifuged at 166,000Âg for 13 h at 48C, and fractions (300 ml) were collected from the top.
SDS-PAGE and immunoblotting
Total protein extracts were prepared from Arabidopsis seedlings by homogenization in SDS-PAGE sample buffer (Laemmli 1970) . Samples were subjected to SDS-PAGE (Laemmli 1970) followed by transfer to Immobilon-P membranes (Millipore, Bedford, MA, USA) as described (Towbin et al. 1979 ). The anti-AHA3 antibodies (Kobae et al. 2004 ) were a gift from Masayoshi Maeshima and were used at 1 : 2,000 dilutions. The anti-yeast BiP/Kar2p antiserum (Nishikawa and Endo 1997) was used at 1 : 1,000 dilutions. Cy5-linked anti-rabbit IgG antibodies (GE Healthcare) were used at 1 : 5,000 dilutions as the secondary antibody, and signals were detected by Storm 860 Image Analyzer (Molecular Dynamics, Sunnyvale, CA, USA).
Expression of Arabidopsis ER J proteins in yeast
Plasmids used for expression of the Arabidopsis ER J proteins in yeast cells were constructed as follows. cDNA fragments for the Arabidopsis ER J protein genes were amplified by PCR as described above. A yeast expression vector pTYSC126 (a gift from Tohru Yoshihisa) is a derivative of pRS316 (Sikorski and Hieter 1989) containing the CUP1 promoter, and the amplified DNA fragments were inserted into the polylinker site of pTYSC126, which is placed downstream of the CUP1 promoter.
Yeast strains used in this study are SEY6210 (MATa ura3 leu2 trp1 his3 lys2 suc2) (Robinson et al. 1988 ), SNY1026-7A (MATa jem1D::LEU2 scj1D::TRP1 ura3 leu2 trp1 his3 lys2 suc2) (Nishikawa and Endo 1997) , RSY151 (MATa sec63-1 ura3 leu2 pep4) ) and PBY3-9B (MATa sec11-7 ura3 leu2 his4) (Bo¨hni et al. 1988) . Cells were grown in YPD (1% yeast extract, 2% polypeptone and 2% glucose) or SCD (0.67% yeast nitrogen base without amino acids, 0.5% casamino acid and 2% glucose) media supplemented with 20 mg ml -1 each of tryptophan and adenine. Solid media were supplemented with 2% agar. Yeast transformation was performed as described (Keszenman-Pereyra and Hieda 1988) .
Yeast total cell extracts were prepared as described by Yaffe (1991) . Yeast membrane fractions were prepared as described by
1560
J proteins of the Arabidopsis ER Wuestehube and Schekman (1992) except that cells were disrupted by agitation with glass beads.
RNA analysis
Total RNA was prepared by the TRIzol reagent (Invitrogen) or with the Wizard SV total RNA Isolation kit (Promega, Madison, WI, USA). First-strand DNA was synthesized using the SuperScriptII First-Strand Synthesis system for reverse transcription-PCR (RT-PCR) (Invitrogen) according to the manufacturer's protocol. Specific primers were used to amplify the following region of each gene: AtERDJ3A (nucleotides 40-1,719), AtERDJ3B (nucleotides 1-1,041), AtP58
IPK (nucleotides 1-1,019), AtERDJ2A (nucleotides 1-2,064), AtERDJ2B (nucleotides 1-1,986), At1g61770 (nucleotides 1-903), AtBiP (nucleotides 1,610-1,970), glyceraldehyde 3-phosphate dehydrogenase (M64116, nucleotides 115-1,162) and elongation factor 1a (NM_100668, nucleotides 1-1,350) . The amplified DNA fragments were used as specific probes for Northern blot analyses after labeling with 32 P using Ready-To-Go DNA Labeling Beads (-dCTP) (GE Healthcare). RNA samples (16 mg) were separated on 1% agarose containing 2.15% formaldehyde, transferred to Hybond N þ (GE Healthcare) and hybridized with specific probes synthesized as described above. After washing, signals were detected by radioimaging using a Storm 860 Image Analyzer (Molecular Dynamics).
Pollen analysis
Alexander stain of pollen grains and pollen germination assay were performed as described previously (Alexander 1969, Bovid and McCormick 2007) . For staining of nuclei in pollen grains, mature pollen grains were stained with 5 mg ml -1 DAPI solution and observed using a FV1000 confocal laser-scanning microscope (Olympus) combined with 405 nm laser irradiation, and photographed.
Supplementary material
Supplementary material are available at PCP Online. 
